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Molecular dynamics simulation reveals DNA-specific recognition
mechanism via c-Myb in pseudo-palindromic consensus of mim-1
promoter

Jinru WENG", Shuo YANG™, Jinkang SHEN', Hongsen LIU', Yuzi XU', Dongyun HAO*", Shan WANG'"

'Stomatology Hospital, School of Stomatology, Zhejiang University School of Medicine, Zhejiang Provincial Clinical Research Center for Oral
Diseases, Key Laboratory of Oral Biomedical Research of Zhejiang Province, Cancer Center of Zhejiang University, Engineering Research
Center of Oral Biomaterials and Devices of Zhejiang Province, Hangzhou 310000, China

ZKey Laboratory for Molecular Enzymology and Engineering of the Ministry of Education, Jilin University, Changchun 130021, China
*Institute of Agricultural Biotechnology, Jilin Academy of Agricultural Sciences (JAAS), Changchun 130033, China

Abstract: This study aims to gain insight into the DNA-specific recognition mechanism of c-Myb transcription factor during
the regulation of cell early differentiation and proliferation. Therefore, we chose the chicken myeloid gene, mitochondrial
import protein 1 (mim-1), as a target to study the binding specificity between potential dual-Myb-binding sites. The c-Myb-binding
site in mim-1 is a pseudo-palindromic sequence AACGGTT, which contains two AACNG consensuses. Simulation studies in
different biological scenarios revealed that c-Myb binding with mim-1 in the forward strand (complex F) is more stable than that
in the reverse strand (complex R). The principal component analysis (PCA) dynamics trajectory analyses suggested an opening
motion of the recognition helices of R2 and R3 (R2R3), resulting in the dissociation of DNA from c-Myb in complex R at 330 K,
triggered by the reduced electrostatic potential on the surface of R2R3. Furthermore, the DNA confirmation and hydrogen-bond
interaction analyses indicated that the major groove width of DNA increased in complex R, which affected on the hydrogen-
bond formation ability between R2R3 and DNA, and directly resulted in the dissociation of DNA from R2R3. The steered
molecular dynamics (SMD) simulation studies also suggested that the electrostatic potential, major groove width, and hydrogen
bonds made major contribution to the DNA-specific recognition. In vitro trials confirmed the simulation results that c-Myb
specifically bound to mim-1 in the forward strand. This study indicates that the three-dimensional (3D) structure features play an
important role in the DNA-specific recognition mechanism by c-Myb besides the AACNG consensuses, which is beneficial to
understanding the cell early differentiation and proliferation regulated by c-Myb, as well as the prediction of novel c-Myb-binding
motifs in tumorigenesis.
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1 Introduction hematopoiesis (Greig et al., 2010), airway epithelial

cell differentiation (Pan et al., 2014; Pardo-Saganta

As a transcription factor, c-Myb plays an essen-
tial role in regulating cell development (Oh and Reddy,
1999), including the processes of stem cell differentia-
tion and proliferation (Ramsay and Gonda, 2008),
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et al., 2015), bone formation (Zhao et al., 2011; Bhat-
tarai et al., 2013; Tan et al., 2013; Lee et al., 2016),
proliferation of neural progenitor cells in the regions
of brain and colonic crypts (Malaterre et al., 2008;
Greig et al., 2010), and promotion of T cell stemness
(Maurice et al., 2007; Gautam et al., 2019; Heuser
and Gattinoni, 2022). Myb transcription factors belong
to a proto-oncogene product super family that has
been identified in all biological kingdoms (Katzen
et al., 1985; Nishina et al., 1989; Rosson and Reddy,
1986; Paz-Ares et al., 1987). As a proto-oncogene,
overexpression or rearrangement of c-Myb has been
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detected in a wide range of human cancers, including
leukemia (Mansour et al., 2014; Clesham et al., 2022),
breast cancer (Gonda et al., 2008), colon cancer
(Torelli et al., 1987; Abaza et al., 2004; Hugo et al.,
2006), pancreatic cancer (Wallrapp et al., 1997), head
and neck cancer (Mitani et al., 2010; Lu et al., 2013;
Ni et al., 2015; Xu et al., 2019), osteosarcoma (Ag-
garwal and Bhavesh, 2021), and other solid tumors
(Patt et al., 1993; Miyazaki et al., 2012; Lu et al.,
2013; Ciciro and Sala, 2021). Mansour et al. (2014)
showed that an insertion in the precise noncoding site
plays a pivotal role in oncogenesis in T-cell acute lym-
phoblastic leukemia, which results in the formation of
a novel binding site of c-Myb and creates a super-
enhancer upstream of T-cell acute leukemia protein 1
(TALI) oncogene. Fuglerud et al. (2017) demon-
strated that D152V, one amino acid mutant in the
DNA-binding domain (DBD) of c-Myb, can impair the
ability of c-Myb to regulate hematopoietic cell differ-
entiation, which affects histone binding and increases
chromatin accessibility. This raises the question of
what might be the DNA-specific-binding mechanism
of c-Myb transcription factor.

In general, DNA-specific recognition mechanisms
by a transcription factor are classified into two types,
one involving the formation of hydrogen bonds with
specific bases, mainly in the major groove, and the
other entailing the sequence-dependent deformations
of the DNA helix (Rohs et al., 2009). The DBD of
c-Myb consists of three tandem repeats (R1, R2, and
R3), each containing three o-helices (Biedenkapp
et al., 1988). The second and third helices of each re-
peat form a helix-turn-helix (HTH) structure with three
regularly spaced tryptophan (or hydrophobic) residues
that are involved in the Myb—DNA interaction (Ogata
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et al., 1996; Xu et al., 2019; Kawasaki and Oda,
2021). Meanwhile, the third helices of R2 and R3
(R2R3) are regarded as the “recognition helix,” since
they directly and cooperatively bind to a conserved
base sequence, AACNG (Ogata et al., 1992, 1994,
1995, 1996; Kanei-Ishii et al., 1994). The three resi-
dues in the recognition helices of R2R3 play import-
ant roles in the DNA-binding mechanism, which are
Asnl83 (R3), Lys182 (R3), and Lys128 (R2) (Ogata
etal., 1994).

Myb transcription factors are characterized by
two kinds of target-binding sequences: (1) pseudo-
palindromic sequence with dual-Myb-binding sites
(e.g., mitochondrial import protein 1 (mim-1), MYC,
and T cell receptor (TCR)), and (2) only one consen-
sus sequence with a single Myb-binding site (e.g.,
Moebius syndrome 1 (MBS1), target of Mybl mem-
brane trafficking protein (TOM1), and cluster of dif-
ferentiation 4 (CD4)) (Ness, 1996; Wolft, 1996). As
one of well-studied Myb target genes, the chicken my-
eloid gene mim-1 is specifically activated by c-Myb
in myelomonocytic cells (Ness et al., 1989; Graf,
1992). The c-Myb-binding site in mim-1 is a pseudo-
palindromic sequence AACGGTT (Ness et al., 1989),
which contains two potential AACNG consensuses in
the opposite orientations (5'-AACGG-3' in the forward
strand and 5'-AACCG-3' in the reverse strand; Fig. 1a).

In this study, we chose the mim-1 as a representa-
tive of the pseudo-palindromic consensus to investi-
gate the specific recognition mechanism of c-Myb.
Six independent molecular dynamics (MD) simula-
tions were performed on three complexes of c-Myb
binding with mim-1 in the forward strand (complex
F), c-Myb binding with mim-1 in the reverse strand
(complex R), and c-Myb binding with MBS1 in the
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Fig. 1 Construction schemes of mim-1 complexes for MD simulations. (a) Construction scheme of c-Myb and mim-1
complexes in MD simulations; (b) DNA-binding fragments (16 bp) by mim-1 and MBS1. MD: molecular dynamics; mim-1:

mitochondrial import protein 1; MBS1: Moebius syndrome 1.



forward strand at both 300 and 330 K (Table S1). The
principal component analysis (PCA) dynamics trajec-
tory, electrostatic potential, DNA confirmation, and
hydrogen-bond interaction analyses were performed on
these six simulation systems. Interestingly, our analy-
ses indicated that the electrostatic potential, major
groove width, and hydrogen bonds made major con-
tribution in the DNA-specific recognition mech-
anism by c-Myb, which was further confirmed by
steered molecular dynamics (SMD) simulation studies
on complexes F and R. Finally, we performed kinetic
pattern analyses of c-Myb binding to mim-1 and MBS1
in vitro to determine the binding specificity of c-Myb
with mim-1. This study provides new insights into
understanding the DNA-specific recognition mech-
anism by c-Myb.

2 Materials and methods
2.1 Preparation of structure

The refined average solution structure of c-Myb
binding to DNA of MBSI1 (Fig. 1b) was obtained
from the Protein Data Bank (PDB code: No. 1MSE)
(Bernstein et al., 1978). The mim-1 DNA structures of
5'-TAACGG-3' and 5'-AAACCG-3' (Fig. 1a) were
created using Open Babel (O'Boyle et al., 2011),
and docked into the active site of c-Myb (PDB code:
No. IMSE) using AutoDock (Morris et al., 2009), de-
riving two c-Myb and mim-1 complexes that were
named complex F and complex R. The binding-site
positions were shown in Fig. 1b for complexes F
and R.

2.2 Molecular dynamics simulations

MD simulations were performed using the
GROMACS program (version 2022.2) (Berendsen
et al., 1995; Hess et al., 1997), using the modified
AMBER99SB-ILDN force field (Lindorff-Larsen
et al., 2010). The six independent simulation systems
were established at two different temperatures of 300
and 330 K for the 400-ns simulation time scale
(Table S1). In addition, the system of R2R3 binding
with MBS1 was established at 300 K. Each system
was solvated in a dodecahedron periodic box contain-
ing the SPC216 water model (Teleman et al., 1987),
which was extended to at least 10 A (1 A=1x107"" m)
between the model and the edge of water box. To
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neutralize the charge of water box, adequate numbers
of Na" ions were added into each system (Table S1).
The structure of each system was relaxed through
50000 steps of energy minimization. Subsequently,
the equilibration of each system was performed in two
phases: 100-ps constant NVT (number of particles,
volume, and temperature) simulation and 100-ps con-
stant NPT (number of particles, pressure, and tempera-
ture) simulation. Afterwards, a 400-ns MD simulation
was performed on each system. During MD simula-
tion, the linear constraint solver (LINCS) algorithm
(Hess et al., 1997) was used to constrain the lengths
of all the bonds. The time step for the simulation was
0.002 ps. The thermostat and barostat coupling on
each ensemble were respectively performed using the
Nose-Hoover and Parrinello-Rahman methods. Long
range electrostatic forces were treated using the particle-
mesh Ewald (PME) method (Essmann et al., 1995).
van der Waals forces were treated with a 1.0-nm cut-
off value.

SMD simulations were set up for complexes F
and R (Table S2) and carried out using the GROMACS
program (version 2022.2) with the AMBER99SB-
ILDN force field. Complexes F and R were solvated
in a 6.6 nmx4.4 nmx12 nm cuboid box containing the
SPC216 water model. To neutralize the charge of the
water box, adequate numbers of Na" ions were added
to each system (Table S2). The energy minimization
and NPT equilibration were then performed for each
system in the same way as previously described (Wang
et al., 2011). The optimal biasing potential along Z
was a harmonic potential with a force constant of
2000 kcal/(mol-nm). Afterwards, a 300-ps SMD simu-
lation was performed on each system.

The analyses of trajectories were performed
using the packages embedded in GROMACS and in-
house Perl scripts. For the protein structure in each
system, PCA (Lauria et al., 2009; Yang et al., 2009)
was performed using the packages embedded in
GROMACS. The detailed method was described in
our previous work (Wang et al., 2011). The conforma-
tion of the DNA helix in each system was analyzed
using Curves+ (Lavery et al., 2009). The interaction
of each system was analyzed using the PDBePISA
service (Krissinel and Henrick, 2007). The electrostatic
potential calculations were analyzed using the PyMOL
Molecular Graphics System 2.0 software (http://www.
pymol.org/pymol).
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2.3 Preparation of proteins and oligonucleotides

The c-Myb minimum DBD R2R3 (Leu90-Val193)
was overexpressed in Escherichia coli BL21 (DE3) as
described (Nishina et al., 1989; Tanikawa et al., 1993).
The purified R2R3 was suspended in 100 mmol/L
potassium phosphate buffer (pH 7.5) containing
20 mmol/L KCI, 0.1 mmol/L ethylene diamine tetraace-
tic acid (EDTA), 500 pg/mL bovine serum albumin
(BSA), and 10 mmol/L dithiothreitol. The purity of
R2R3 protein was inspected to be no less than 95% on
sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE). A 16-bp pseudo-palindromic
consensus-containing mim-1 fragment (5'-TATAACG
GTTTTTTAG-3") from the mim-1 gene and the 16-bp
MBSI1 fragment (5-CCTAACTGACACACAT-3") from
the simian virus 40 enhancer were prepared by syn-
thesizing both strands (Ness et al., 1989; Ording et al.,
1994). The sequences and position numbering of mim-1
and MBS1 were presented in Fig. 1b. After purifica-
tion, the fragments were suspended in 1Xx sodium
chloride-Tris-EDTA (STE) buffer (0.1 mol/L NaCl,
10 mmol/L Tris-HCI, and 1 mmol/L EDTA; pH 8.0),
and annealed with the complementary strands. The re-
sulting double-strand oligonucleotides were end-labeled
with [y-*P] adenosine triphosphate (ATP) (Amer-
sham Pharmacia Biotech, Piscataway, NY, USA)
using T, polynucleotide kinase (TOYOBO, Osaka,
Japan) and purified through a Sephadex G-50 column.
The single-base substitution-mutant sequences of mim-1
were prepared in the same way.

2.4 DNA-binding assay

The fluctuation of binding free energy by reason
of the base-pair substitution was evaluated as:

AAG=AG 00 ~ AGwild-type:Rﬂn(KD. —0 witgaype)s (1)
where the equilibrium dissociation constant K, of
R2R3 binding to DNA of mim-1 was measured
using the quantitative electrophoretic mobility shift
assay (EMSA) as described previously (Hao et al.,
1998, 2002). R is the gas constant with a value of
8.314 J/(K-mol) and T is the temperature of the reac-
tion. K, for the dissociation of protein from DNA was
determined by binding titration analysis. The posi-
tive value of AAG means a reducing binding affinity.
The 10-fold reducing binding affinity corresponds to
1.3 kcal/mol of AAG at room temperature.

3 Results and discussion

3.1 Comparison of conformational stability between
complexes F and R

In order to understand the c-Myb specific recog-
nition mechanism on the dual-Myb-binding sites, two
complexes were generated, namely, complex F and
complex R (Fig. 1a). The root mean square deviation
(RMSD) of a-carbon (Ca) atoms of R2R3 as a func-
tion of simulation time was calculated for each sys-
tem to assess the conformational stability of the pro-
tein during MD simulation. As shown in Fig. 2, three
systems of R2R3 binding with MBS1, complex F, and
complex R were reproducible at 300 and 330 K. All
of the six complexes reached plateau in a 400-ns time
scale (Fig. 2a, Table S3), except complex R at 330 K.
The RMSD of complex R at 330 K raised drastically
after 200 ns (Fig. 2b), which indicated that the con-
formation of complex R at 330 K underwent a drastic
fluctuation during that time. To compare the interac-
tion of R2R3 with DNA in complexes F and R
around 200 ns at 330 K, we extracted three time-
point conformations of them for observation, which
were at 190, 200, and 400 ns (Fig. 3). At 190 ns, the
DNAs in both complexes F and R were still interact-
ing with R2R3 (Figs. 3a and 3d). Interestingly, after
200 ns, the interaction of DNA and R2R3 in complex
F was still kept (Figs. 3b and 3c), while the DNA in
complex R had dissociated from R2R3 (Figs. 3e and
3f). This indicated that the interaction of R2R3 with
DNA in the reverse strand was instable, as compared
to the interaction of R2R3 with DNA in the forward
strand.

In order to investigate the conformational varia-
tion of R2R3 during the whole simulation process, we
analyzed the gyration radiuses of complexes F and R
at 300 and 330 K as a function of the 400-ns simula-
tion time. As shown in Fig. 4, there was an obvious
gap in the gyration radiuses between complexes F and
R during 160 to 260 ns at 330 K, and the average gy-
ration radiuses of complexes F and R were 1.65 and
1.54 A, respectively. Thus, we speculated that the
R2R3 of complex R underwent a conformational vari-
ation in this period, and then recovered to the original
conformation. Next, the root mean square fluctuations
(RMSFs) of Ca per residue were analyzed for com-
plexes F and R at 300 and 330 K. The two RMSFs
between complexes F and R almost overlapped at
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Fig. 2 Root mean square deviation (RMSD) profiles. (a) The a-carbon (Ca) atom RMSDs of the third helices of R2 and
R3 (R2R3) were calculated for complex of R2R3 binding with Moebius syndrome 1 (MBS1) at 300 K and complexes F and
R at 300 K. (b) Complex of R2R3 binding with MBS1 and complexes F and R at 330 K. Complexes F and R for two pairs

of ensembles are marked with black and red lines, respectively. The complex of R2R3 binding with MBS1 is represented
by a green line.

Fig. 3 Conformations of complexes F and R at 330 K. Conformations of complexes F and R were extracted at 190 ns (a, d),
200 ns (b, e), and 400 ns (c, f).
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Fig. 4 Gyration radius of complexes F and R at 300 K (a) and 330 K (b). Complexes F and R for two pairs of ensembles
are marked with black and red lines, respectively. Rg: radius of gyration.

300 K (Fig. Sla). In contrast, the three regions of (Lys128-Trpl47), and the third helix of R3 (Leul73-
RMSF between complexes F and R were signifi-  Asnl83), respectively (Fig. S1b). This indicated that
cantly different at 330 K, corresponding to the first the conformational rearrangement took place in com-
helix of R2 (Asp100-Try110), the third helix of R2  plex R at 330 K, and the most prominent change
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occurred at the third helices of R2R3. Previous studies
have suggested that the flexibilities of R2 and R3 heli-
ces are crucial for DNA binding (Ogata et al., 1992,
1994, 1995, 1996; Kanei-Ishii et al., 1994; Madan
et al., 1995).

3.2 Principal component analyses for complexes
Fand R

In order to assess the potential difference of the
motions between complexes F and R, the prominent
characteristic motions during MD simulation were an-
alyzed using PCA. The percentages of the top two ei-
genvectors of the motions in complexes F and R at
300 and 330 K were determined as 62%, 70%, 60%,
and 59%, respectively. Our observation focused on
the two recognition helices of R2 and R3. Notably,
the flexible motion of the recognition helix of R3 in
complex R at 330 K was quite different from that in
other three complexes (Fig. 5). Specifically, the role
of two recognition helices of R2 and R3 appeared like
a clamp to hold the DNA. We noticed that the recogni-
tion helix of R3 was dissociated from the recognition
helix of R2 in complex R at 330 K, which resulted in
R2R3 losing the clamp function. A similar motion
was observed in the P53 DNA complex (Pan and
Nussinov, 2007; Dai and Yu, 2020). To validate our
observation in PCA, we further analyzed the distance
of the recognition helices between R2 and R3 in com-
plexes F and R at 300 and 330 K. The distance of
the two recognition helices in complex R at 330 K
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underwent a remarkable increase between 135 and
280 ns, compared to the distance of the recognition
helices in complex F at 330 K (Fig. S2). Interestingly,
the distance variation of the recognition-helices in
complex R at 330 K matched that of the gap of
gyration-radiuses between complexes F and R at
330 K. Thus, the opening motion of recognition-helices
was the primary conformational variation in complex
R at 330 K, which is the direct reason for the dissocia-
tion of c-Myb from DNA. However, it remained un-
clear which fundamental element triggered the opening
motion of two recognition helices in complex R at
330 K.

3.3 Surface charge distribution

To explore the fundamental element that trig-
gered the dissociation of ¢c-Myb from DNA in com-
plex R at 330 K, we analyzed the electrostatic poten-
tial on the surfaces of complexes F and R. As shown
in Fig. 6, the recognition helices of R2R3 comprised
the main region of the electrostatic potential distribu-
tion that acted as a positive charge pocket, which was
the most plausible binding site for the negatively
charged DNA. Interestingly, the differences in electro-
static potential in complex F increased from 72.826 to
80.552 continuously during the whole simulation pro-
cess. In contrast, the differences in electrostatic poten-
tial in complex R decreased from 73.096 to 69.520
gradually during the first 190 ns before the dissocia-
tion of DNA from R2R3. However, after 190 ns, the
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Fig. 5 Dominant motions in four simulation ensembles using principal component analysis. The porcupine plot of the
top two eigenvectors in complex F at 300 K (a), complex R at 300 K (b), complex F at 330 K (¢), and complex R at 330 K (d).

The recognition helices of R2 and R3 are marked in yellow.
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Fig. 6 Electrostatic potential differences (AeV) of complexes F and R in the whole molecular dynamics (MD) simulation
process. (a) Complex F at 330 K in the whole MD simulation process; (b) Complex R at 330 K in the whole MD simulation

process.

electrostatic potential differences quickly raised from
69.520 to 77.376. Notably, there was a dramatic re-
duction of 3.199 in the differences in electrostatic po-
tential between 150 to 190 ns. The above results indi-
cated that the variation in the electrostatic potential
differences affected the interaction of c-Myb and DNA.
A similar conclusion was drawn in the interaction of
human RNA-binding motif single stranded interacting
protein 1 (RBMS1) and c-myc proto-oncogene, namely
the recognition of specific target sequence requires
a coordination between conformational rearrangement
and thermodynamics (Aggarwal and Bhavesh, 2021).
Furthermore, we speculated that a reduced electrostatic
potential on the surface of R2R3 can trigger the disso-
ciation of DNA from ¢-Myb.

3.4 DNA conformation analysis

In order to investigate effect of the conforma-
tion of DNA on the interaction of c-Myb and mim-1,
we performed DNA conformational analysis using
Curves+ for four simulation systems of complexes F
and R at 300 and 330 K. Specifically, the widths of
the major and minor grooves of DNA were measured
based on each 10-ns structure during the plateau of
MD simulations, which corresponds to 100 to 400 ns
for the 300-K systems, and 30 to 80 ns for the 330-K
systems. As shown in Fig. 7, the widths of major and
minor grooves in complex R at both 300 and 330 K
were larger than those in complex F. Interestingly, the
average width of the major groove in complex R at

330 K was significantly larger than that in complex
R at 300 K, which was the same for the complex F
at 300 and 330 K. The recent studies showed that
the increase of the DNA groove width affected the
interaction of Watson-Crick base pairs in DNA,
which resulted in a decreased melting point of DNA
(Padroni et al., 2019; Sarkar and Singh, 2020).
Thus, we speculated that the increased major groove
width of DNA in complex R at 330 K affected its
capability to form hydrogen bonds between R2R3
and DNA.

3.5 Hydrogen-bond interaction of mim-1 binding
to c-Myb

With the aim to verify our hypothesis, the hydrogen-
bond interactions of R2R3 and DNA were measured
for complexes F and R at both 300 and 330 K at
different time points (Table S4). The hydrogen bonds
involved in Lys128, Lys182, and Asnl183 play an
essential role in the interaction of R2R3 and DNA
(Ogata et al., 1994). As expected, the key hydrogen
bonds in complex R at 330 K decreased gradually and
disappeared at 190 ns before DNA dissociated
from c-Myb, while the key hydrogen bonds were still
kept in the other three complexes. The above results
confirmed our hypothesis that the increased major
groove width of DNA in complex R at 330 K affected
the ability of hydrogen-bond formation between R2R3
and DNA, which resulted in the dissociation of DNA
from R2R3.
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Fig. 7 DNA groove width of complexes F and R in plateau of molecular dynamics (MD) simulations. (a) Major groove
width of complexes F and R at 300 K; (b) Minor groove width of complexes F and R at 300 K; (c) Major groove width of
complexes F and R at 330 K; (d) Minor groove width of complexes F and R at 330 K. P value was calculated using unpaired
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3.6 SMD simulations of complexes F and R

Our MD simulation results suggested that the
electrostatic potential, major groove width, and hydro-
gen bonds made major contribution to DNA-specific
recognition. To validate this proposition, SMD simula-
tion studies were performed on complexes F and R.
Specifically, the c-Myb protein served as the immobile
reference, and we compared the DNA pulling forces
between complexes F and R in 310 K during the 300-ps
SMD simulation processes. As a result, the harmonic
force used for complex F was 2150.20 kcal/(mol-nm),
which was larger than that (1925.53 kcal/(mol-nm))
used for complex R (Fig. 8a). The time point for the
dissociation of DNA from R2R3 occurred at 150 ps
for complex F and at 214 ps for complex R (Fig. 8).
As expected, the electrostatic potential surfaces of
R2R3 in both complexes were decreased dramati-
cally in both complexes before the time point of
DNA dissociation (Fig. S3). The major groove width
of both complexes increased gradually before the time
point of DNA dissociation and dropped after the time

point of DNA dissociation (Fig. S4). In addition, the
key hydrogen bonds disappeared before the time point
of DNA dissociation in both complexes (Table S5).
Thus, the above results confirmed our conclusion
from MD simulation studies.

3.7 Binding specificity of c-Myb to mim-1 in vitro

In order to validate the MD simulation results
and identify the binding specificity of c-Myb to the
pseudo-palindromic consensus of mim-1, the binding
titration analyses of ¢c-Myb to mim-1 and MBS1 were
performed individually. The binding kinetic patterns
(Fig. 9) showed that both reactions possessed similar
binding titration curves and K, values, indicating that
both reactions not only had the same binding sites,
but also seemed to be the single-binding site recog-
nized by R2R3. To further determine whether cooper-
ation occurred between the dual-Myb-binding sites of
mim-1, the two titration curves were subjected to Hill
plot analyses. The linear pattern of the regressive
curves and the Hill coefficients both implied that no
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cooperative binding occurred in the reaction of R2R3
and the binding sites of mim-1. Thus, the above re-
sults indicated that only one of dual-Myb-binding sites
in mim-1 was recognized by R2R3, which was consis-
tent with the MD simulation results.

In order to further validate whether c-Myb spe-
cifically binds to the forward strand between the dual-
Myb-binding sites of mim-1, the variation in the bind-
ing free energy AAG as a result of the single-base sub-
stitution was calculated based on the equilibrium dis-
sociation constant K, measured by quantitative EMSA.
Specifically, each base pair of the mim-1 DNA frag-
ment from A4 to T10 was substituted by the other
three kinds of corresponding base pairs (Fig. 10). The
pattern of binding free energy AAG showed that the

mutants with the single-base substitution at A4, AS,
and C6 caused obvious increases in the binding free
energy (around 4 kcal/mol, corresponding to a =1000-
fold variation in binding affinity), indicating that the
AAC positions acted as the most conserved core of
the 5'-AACGG-3' consensus and provided highly spe-
cific interaction with R2R3. However, the single-base
substitutions at other positions (from G7 to T10) re-
sulted in relatively low AAG values, except for the
base G8 with a 2-fold AAG increase, which seemed to
be of moderate importance to the binding specificity.
Notably, the values of AAG at the positions (GS8, T9,
and T10) corresponding to the core of 5'-AACCG-3'
were relatively low, implying that the complementary
strand of the dual-Myb-binding sites was unlikely to
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play an important role in the Myb-binding affinity.
Thus, the above results demonstrated that c-Myb ex-
clusively bound to the forward strand of the dual-
Myb-binding sites, which further confirmed our MD
simulation conclusion.

AAG (kcal/mol)
N

CGT _CGT AGT ACT ACT ACG ACG
GCA GCA TCA TGA TGA TGC TGC

4 5 6 7 8 9 10
5 A A C G G T T 3
3T T G C C A A 5

Fig. 10 Relative binding free energy changes (AAG) in the
binding of R2R3 to mitochondrial import protein 1 (mim-1)
upon systematic base substitution in the pseudo-palindromic
consensus. The pseudo-palindromic consensus sequences
in mim-1 are shown at the bottom. Each solid bar indicates
the extent of AAG caused by the corresponding base
substitution. The values of AAG were calculated from K,
values derived from quantitative electrophoretic mobility
shift assay (EMSA). Data are expressed as meantstandard
deviation (SD), n=3. K,: equilibrium dissociation constant.

4 Conclusions

In this work, the chicken myeloid gene mim-1
was chosen as a binding target to study the binding
specificity between dual-Myb-binding sites. Six MD
simulation studies in different biological scenarios
and totaling 2400 ns in time-scale revealed that the
binding of c-Myb with mim-I in the forward strand
was more stable than that in the reverse strand. The
PCA dynamics trajectory analyses and the electrostatic
potential surface analyses suggested that the reduced
electrostatic potential surface of R2R3 triggered an
opening motion of the recognition helices of R2R3,
resulting in the dissociation of DNA from c-Myb in
complex R at 330 K. In addition, the DNA confirm-
ation analyses suggested that the increased major
groove width of DNA in complex R at 330 K affected
the capability of hydrogen-bond formation between
R2R3 and the DNA reverse strand, which in turn dir-
ectly resulted in the dissociation of DNA from R2R3.
Hence, the electrostatic potential, major groove width,

and hydrogen-bond interaction all played essential
roles in the DNA-specific recognition by c-Myb, which
was further confirmed by SMD simulation studies.
In vitro, the kinetic pattern and quantitative EMSA
analyses validated the conclusion of simulation studies,
that is, c-Myb specifically bound to mim-1 in the for-
ward strand. This study addressed the DNA-specific
recognition mechanism by c-Myb in the structure level,
which is beneficial for investigating the cell early
differentiation and proliferation regulated by c-Myb
and the prediction of novel c-Myb-binding motifs in
tumorigenesis.
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